acid binding domains promote protein-protein and protein-RNA interactions in the granules 22 .
Especially intrinsically disordered proteins, which are enriched in polar amino acids such as arginine, glycine and phenylalanine, have been shown to promote phase transitions in the cell 23 .
Recent experiments unveiled an interesting link between the process of phase separation and heterochromatinization [24] [25] [26] . Indeed, several lncRNAs such as HotAir 27 , ARNIL 28 , Airn 29 and Xist 4 lncRNAs can induce heterochromatin formation to different extent (reviewed in Long et al. 6 ). Xist in particular, the master regulator of X chromosome inactivation, has been shown to induce largescale heterochromatinization of the entire X-chromosome 4 accumulating in large granule-like assemblies that can be investigated by super-resolution microscopy 30, 31 (Fig. 1A) . Female cells
show ~100-150 Xist-containing complexes 30, 31 that largely resembles paraspeckles and stress granule in size and protein composition (see below). Intriguingly, Xist assemblies measure around 100-200 nm in diameter 31 , comparable with stress granules and paraspeckles dimensions (~100-300 nm and ~200-500 nm in diameter, respectively 32, 19 ) (Fig. 1A) . We note that the slight discrepancy in size of ribonucleoprotein assemblies is due to the diverse functions and compositions 4, 19, 32 . Other lncRNAs such as HotAir, Malat1 or Airn seem to form smaller puncti assemblies, rather than granule-like structures 33, 34 . However, a stringent comparative analysis of these lncRNAs and their interacting proteins, by means of super-resolution microscopy is still missing, hampering a more formal comparison.
Supporting our observation that Xist assemblies are granule-like, we report that Xist interactions involve a copious number of proteins that phase separate. Indeed, Xist physically binds to a few dozen partners, although more than 600 proteins have been found to associate through non-direct, yet potentially biologically-relevant interactions ("putative" Xist network, see Materials and Methods for details) 9 . Using literature 16, 19, 20, 32 18 and stress-granules 19, 20 . We stress that the presence of structurally disordered proteins is important for the process of phase separation, as showed by different experimental and computational studies 22, 24, 25 . Indeed, eukaryotic proteomes contain intrinsically unfolded and repetitive regions in granule-forming proteins 23 , which confer them an intrinsic ability to promote protein-protein and protein-nucleic-acid interactions 42, 43, 44 . As a comparison, we analyzed the content of structurally disordered proteins in the interactomes of HotAir and Malat1, but the enrichments are not significant (highly disordered proteins: 2 out of 6 for HotAir, with p-value=0.7 and 6 out of 26 for Malat1 with p-value=0.4), indicating a substantial difference with Xist RNA interaction network.
In the large spectrum of activities, RNA structure plays a central role and dictates precise functionalities by creating spatial patterns and alternative conformations and binding sites for proteins 45 . As for Xist RNA, six conserved repetitive regions (tandem repeats), named A to F, have been reported to be essential for its function 45 ( Fig. 1C) . Xist repeats are conserved in mammalian vertebrates but considerable variation in the copy number is observed, with the exception of the A repeat region, which is conserved both in terms of copy number and consensus sequence 45 . In agreement with dimethyl sulfate (DMS)-sensitivity experiments 46 and predictions of RNA structure 47 , repeats A, B and E are highly structured (CROSS predictions are available at https://goo.gl/yzqUjS). While repeats A and B are conserved across species and show a high degree of structural content, the 3' region of Xist is variable and predicted to largely be singlestranded 47 . RNA-binding predictions of Xist interactions 9, 47 indicate that Rep D and E and A (and B to a lesser extent) are crucial for Xist interactions with granule-forming proteins (Fig. 1C) Here we propose that Xist exerts its functions through the formation of silencing granules in which repressive complexes are recruited by phase separation. More precisely, we suggest that noncanonical recruitment of repressive complexes PRC1 is promoted or reinforced by the formation of phase-separated large assemblies. In this scenario, the primary de novo PRC1 recruitment is mediated by Xist RepB 39 and PRC1-mediated H2A ubiquitination may trigger PRC2 recruitment as previously shown 39, 56, 59, 60 (Fig. 2) . PRC1 recruitment may be further strengthened via the interaction with other intrinsically disordered domain-containing proteins binding to Xist, thus mediating further recruitment and oligomerization (see Fig.2 ). It is possible that other disordercontaining domains proteins such as Saf-A (repeat A) or Matr3 and Ciz1 (repeat E) may mediate the PRC1 recruitment in the Xist body and trigger phase-separation (see Table 1 and Fig. 2 ; data available at https://goo.gl/2o7L43 and https://goo.gl/hsKq2R). However, we cannot exclude that these interactions are mediated by other intrinsically-disordered proteins yet to be discovered binding the A-, D-3'end and the E-repeats (see Fig. 2 ). This multimerization driven by phaseseparation may, in turn, trigger RNA Polymerase II (PolII) and basic transcription factors eviction, inducing gene-silencing and heterochromatinization. Supporting this hypothesis, we previously reported that i) Ring1b is relatively closer to Xist than other PRC1/2 components, as shown by super-resolution analysis, suggesting a non-chromatin mediated yet indirect contact 30 ; ii)
structurally-disordered and granule-forming PRC1 core components such as Rybp and Rnf2 (Ring1b) are highly prone to interact with Xist 9 , directly or indirectly, in agreement with experimental screenings 10, 11, 13 ; iii) nuclear matrix proteins are highly prone to interact with Xist RNA
via Xist E-repeat 9 , iv) Xist RNA has all the critical characteristic of an RNA-protein granule (see above).
In brief, we suggest that regardless of the type of interaction, which could be direct or indirect, components of the PRC1/2 repressive complexes are recruited into Xist granules through a mechanism of phase separation. Noticeably, a similar mechanism for the recruitment of protein complexes may be exploited by other lncRNAs as well and may not be limited to Xist RNA. This mechanism of action can be used by lncRNAs to recruit other repressive complexes to the heterochromatin and not being limited to PRC1/2 complexes. As our hypothesis is supported by correlative evidence, more experimental work has to be done in order to fully validate it. 
Material and methods (in brief)

Microscopy
Super resolution ImmunoRNA-FISH and Immuno-Fluorescence (IF) microscopy and analysis has been performed in previously-published research 30, 31 .
RNA Structure
We predicted the secondary structure of granule and non-granule transcripts using CROSS (Computational Recognition of Secondary Structure 47 . CROSS was developed to perform highthroughput RNA profiling. The algorithm predicts the structural profile (single-and double-stranded state) at single-nucleotide resolution using sequence information only and without sequence length restrictions (scores > 0 indicate double stranded regions).
Protein-RNA interactions
catRAPID Global Score was used to compute the interaction propensity of Xist with proteins 9 .
Exploiting sequence information, the algorithm integrates local properties of protein and RNA structures into an overall binding propensity (scores > 0.5 indicate strong interactions). All the proteins analysed in this article were previously reported in our previous publication 9 (including Xist putative interactome consisting of 631 proteins). We want to stress that the putative Xist interactome has a higher degree of false discovery rate (FDR) 7, 8, 10, 11, 13 , and therefore is less reliable than the putative direct interactome
Granule propensity
Structural disorder, nucleic acid binding propensity and amino acid patterns such as arginineglycine and phenylalanine-glycine are key features of proteins coalescing in granules 23 . These features were combined in a computational approach, catGRANULE, that we employed to identify RBPs assembling into granules (scores > 0 indicate granule propensity).
